Introduction
The development of stents which permit physiological vessel function in terms of its mechanical properties, such as compliance and vasomotion, still represents a challenge to be addressed in stent design. Though considerable progress has been made, a complete structural mechanical and fluid mechanical match of the stent to the vessel have not yet been achieved. A number of papers (see [1] for a review) describe the mechanics of stents in blood vessels. They can be divided in papers about the fluid mechanics and the structural mechanics. Though there is an interaction of both aspects, it is often permitted to analyse the fluid and structural mechanics without considering the coupling. However, the compliance mismatch between the unstented vessel wall and the stented vessel wall has yet to be further analysed and optimised. Bare metal stents lead to a permanent mismatch in flexibility between the rigid stent and the compliant vessel wall [2] . This permanent mismatch can potentially be resolved by the use of biodegradable polymeric stents. However the time period of the compliance regain during stent degradation has still to be analysed. Hence, the aim of this study is the analysis and the comparison of different stents in a stenosis model and the compliance analysis of these combinations.
Methods
Finite element models of a moderately stenosed axissymmetric artery were created and analysed. The geometry of the artery was designed to match the given stent designs regarding their target diameter. Three different stent designs were investigated: i.
a slotted tube stent similar to the Cypher (Johnson&Johnson), based on a finite element model created by the University of Gent, ii. a slotted tube stent similar to the Rithron (BIOTRONIK),
iii. a biodegradable slotted tube stent (CORMERIC, University of Rostock), coronary size version of [3] , From these stents designs, finite element models were created ( Fig. 1 ) and investigated statically under the following load cases: 1. vessel inflation, 2. stent expansion, 3. recoil, 4. reduction of pressure to the upper physiological pressure (120mmHg), and 5. reduction of pressure to the lower physiological pressure (80mmHg). The first load case is an artificial load case required to avoid a double contact problem between stent/balloon and stent/vessel. The vessel is inflated to such a diameter, that contact between stent/vessel is avoided, even if the stent is fully expanded. This load case does not influence the further behaviour of the vessel since the vessel consists only of elastic material components (see below). The crimping of the stents was disregarded. During the second load case the stent is expanded by a cylinder representing the balloon. This cylinder is expanded radially according to a displacement boundary condition. Due to the contact condition between balloon and stent, the stent is expanded to its maximum diameter. During the third load case the stent is allowed to recoil by reducing the diameter of the balloon cylinder to its original dimension. During the fourth load case the pressure on the inner face of the vessel is gradually reduced to the upper physiological pressure, and contact between outer surface of the stent and the inner vessel surface is established. In the final load case the pressure is reduced to the lower physiological pressure. The material properties for the individual vessel components were taken from the literature. All vessel components were assigned linear elastic material proper-ties [4] , which were derived from the non-linear material models by Holzapfel et al [5] . The stent material was defined to be an elastic-plastic material with isotropic hardening for the 316L steel (Cypher, Rithron) stents and a poly-L-lactide (PLLA)-based polymer blend material for the biodegradable CORMERIC stent. The calculations were performed as nonlinear static analyses using the finite element system ABAQUS. To reduce the model size, cyclic symmetry and symmetry planes were considered where possible. Compliance was calculated from the radial deformations of the inner vessel surface as the percent fraction of diameter change for 100mmHg according to ISO 7198. Compliance was calculated from the radial deformations of the inner vessel surface, since the system stent/vessel was to be investigated. Hence, contact points of identical radial deformation of stent and vessel were evaluated.
Results
Since the deformation of the vessel depends on the radial stiffness, the compliance of the stent/stenosis system is variable along the vessel (Fig. 2) . A compliance reduction of up to 89 % can be seen in the stented stenosis region. The contact between the vessel and the stent causes an elevated stress distribution on the inner surface, which can damage the vessel tissue and compromise the healing process (Fig. 3) . The highest stress values can be found in the central stenosis region.
Discussion
The pressure/diameter diagram shows a lower curve portion which is identical for all the stent configurations studied. After establishing contact between the vessel and the stent, the curves show a considerable decrease of the curve slope which is proportional to the compliance. This behaviour can also be seen in the pressure/compliance diagram. The three stents under investigation do not differ significantly in terms of compliance. Higher compliance values should be achieved without compromising the radial stiffness of the stents. The local compliance distribution shows that the compliance reduction is especially high in the contact region between the stent struts and the inner vessel surface (Fig. 2) . Hence, the stent is causal for the compliance reduction. The vessel stress due to the contact pressure is particularly high in the central stenosis region. This is due to the higher stiffness in the stenosis region. This increased stiffness in the central stenosis region can be explained by a thicker wall and increased Young's moduli. The stress values are especially high in the region where the stent expansion causes torsion of the stent struts and local indentation of stent edges into the vessel wall. The local stress maxima have to be reduced by avoiding sharp edges in the stent design. Concluding it can be stated that the compliance does not vary substantially among the different stent designs. However, there are differences in vessel stress among the compared stent designs, indicating the influence of strut width and torsioning during expansion. Future investigations should also consider curved vessel geometries, when comparing different stent designs.
